From the very earliest stages of the transition from chemistry to biochemistry at the origin of life, synthetic pathways must have operated to build molecular complexity from simple starting materials. Life's fundamental need to build up carbon-based molecules has understandably oriented research on prebiotic chemistry towards high energy C1 and C2 compounds such as HCN and formaldehyde, which react in ways that bear little resemblance to biosynthesis, often requiring UV light.[@R1],[@R2],[@R3] However, as far as we can infer from extant biology, life has always built its biomass from CO~2~. Could this attribute have extended back to prebiotic chemistry? Of the six known pathways of CO~2~ fixation in nature,[@R4],[@R5] the acetyl CoA (or Wood-Ljungdahl) pathway is the most ancient.[@R6],[@R7],[@R8] It reduces CO~2~ to acetyl and then to pyruvate, the ubiquitous C2 and C3 building blocks for life. Its enzymes and co-factors are replete with transition metals (Fe, Ni, Co, Mo or W) and unlike the other five pathways, it is short, linear, exergonic and found in both bacteria and archaea, with the archaeal version being ATP-independent ([Fig. 1](#F1){ref-type="fig"}).[@R9],[@R10],[@R11],[@R12] For all these reasons, the acetyl CoA pathway is often proposed to have prebiotic origins,[@R13] though such a proposition faces some difficulties. Most modern microbes that run the acetyl CoA pathway fix CO~2~ using electrons from H~2~ gas, whose midpoint potential is not sufficient to generate the required highly reduced ferredoxin proteins in the absence of flavin-based electron bifurcation.[@R14] Therein lies a problem for autotrophic theories of the origin of life: How could CO~2~ fixation have occurred before there were proteins to enable electron bifurcation? Many experimental attempts to address this question have bypassed the direct use of CO~2~ altogether, focusing instead on its more reduced derivatives such as CO or formic acid.[@R15],[@R16] However, clues from extant biology and the chemical literature suggest that native metals might warrant further experimental consideration as a prebiotic source of electrons for CO~2~ fixation.[@R17] Even today, some bacteria that use the acetyl CoA pathway grow using native iron as the sole source of electrons.[@R18],[@R19] We recently reported chemical experiments where many reactions of the rTCA cycle, another potentially prebiotic CO~2~-fixing pathway, can be driven in sequence without enzymes using native iron as the source of electrons.[@R20] Meanwhile, freshly prepared native iron nanoparticles have been shown to reduce CO~2~ to formate, with acetate formed as a minor product at 200 °C under 40 bar CO~2~ pressure.[@R21] Before the emergence of electron bifurcating enzymes, could native metals achieve reductive CO~2~ fixation under conditions mild enough for a protometabolism?

Results and discussion {#S1}
======================

Anticipating a link between the role of metallic cofactors in extant microbial metabolism and in prebiotic chemistry,[@R22],[@R23],[@R24] we set out to investigate whether the native forms of the metals involved in the reductive AcCoA pathway might promote C-C bond formation from CO~2~ in water. We initially screened reactions of 1 mmol of Fe, Co, Ni, Mn, Mo and W powders (for specifications see [Supplementary Table 1](#SD2){ref-type="supplementary-material"}) in a 1 M KCl solution in deionized H~2~O by heating to 100 °C under 35 bar CO~2~ pressure for 16 h. The reaction mixtures were then treated with KOH to precipitate hydroxides, which were removed by centrifugation prior to analysis by ^1^H NMR and GC-MS ([Supplementary Figs. 1 -- 8](#SD2){ref-type="supplementary-material"}). Quantification was achieved by comparison to a calibration curve prepared from authentic samples ([Supplementary Fig. 9](#SD2){ref-type="supplementary-material"}). To our surprise, all of these metals were found to promote the formation of acetate in up to 0.28 ± 0.01 mM concentration, with considerable amounts of pyruvate observed in the cases of iron (0.03 ± 0.01 mM), nickel (0.02 ± 0.00 mM) and cobalt (0.01 ± 0.00 mM) ([Fig. 2](#F2){ref-type="fig"}). Substantial quantities of formate (up to 2.3 ± 0.2 mM in the case of cobalt) and methanol (up to 0.39 ± 0.00 mM in the case of molybdenum) were also found in almost all cases. Control experiments in the absence of metal powders or in the absence of CO~2~ did not produce detectable quantities of carbon fixation products ([Supplementary Figs. 10 and 11](#SD2){ref-type="supplementary-material"}).

In light of iron's position as the premier Earth-abundant metal (predominantly as Fe^0^ in the Earth's core and as Fe^2+^/Fe^3+^ in the Earth's mantle and crust)[@R25], we elected to study iron-mediated CO~2~ fixation in more detail by evaluating the influence of temperature, pressure, time, pH, salt identity and salt concentration on the reaction outcome. First, we studied the effect of temperature over the range 30-150 °C under typical conditions (35 bar CO~2~, unbuffered 1 M KCl solution in deionized H~2~O, 16 h) ([Fig. 3a](#F3){ref-type="fig"}, see also [Supplementary Figs. 12 and Supplementary Table 2](#SD2){ref-type="supplementary-material"}). At the lower end of the temperature range, acetate is the major product in solution, with pyruvate and formate formed in slightly smaller quantities. Increasing the reaction temperature to 100 °C results in the appearance of methanol among the other products. At 150 °C, pyruvate is no longer observed, presumably due to thermal decomposition. The reaction is robust to CO~2~ pressure over the investigated range 1-40 atm at 30 °C, with acetate and pyruvate being the major products at lower pressures ([Fig. 3b](#F3){ref-type="fig"}, see also [Supplementary Fig. 13 and Supplementary Table 3](#SD2){ref-type="supplementary-material"}). The reaction progress was monitored at different times under two representative sets of conditions. At 30 °C and 1 bar CO~2~ acetate and pyruvate are the major products, with the former reaching nearly 0.7 mM after 40 h before decreasing in concentration ([Fig. 3c](#F3){ref-type="fig"}). At 100 °C and 35 bar CO~2~ the initial buildup of formate is rapid, increasing to 7.2 ± 0.4 mM after 6 h before decreasing sharply as acetate and pyruvate begin to appear ([Fig. 3d](#F3){ref-type="fig"}, see also [Supplementary Fig. 14 and Supplementary Table 4](#SD2){ref-type="supplementary-material"}). After 60 h, acetate and pyruvate reach maximal concentrations of 1.09 ± 0.00 mM and 0.11 ± 0.01 mM, respectively. Stopping the reaction at this time reveals that no Fe^0^ visibly remains, though only ≈1% of the available electrons from Fe^0^ were channeled towards the described C1-C3 products in solution (assuming Fe^2+^ is the terminal product, see [Supplementary Table 5](#SD2){ref-type="supplementary-material"}), supporting previous observations that Fe^0^ predominantly reacts to form hydrogen under these conditions.[@R26] By 85 h, the concentrations of all products in solution decrease, and ethanol is detected in the reaction mixtures for the first time ([Supplementary Fig. 15](#SD2){ref-type="supplementary-material"}). The disappearance of the Fe^0^ "fuel" necessary to maintain the reaction in a steady state presumably causes the thermal decomposition of C2 and C3 products to outcompete their generation.[@R27] Neither changing the initial unbuffered pH nor swapping the K^+^ electrolyte for other biologically relevant inorganic cations (Na^+^, Mg^2+^ and Ca^2+^) had significant influence on carbon fixation ([Supplementary Figs. 16 -- 26 and Supplementary Tables 6 -- 17](#SD2){ref-type="supplementary-material"}). However, the salt concentration had a small but significant effect, with a drop of acetate and pyruvate yields by over 20% in the absence of KCl ([Supplementary Fig. 27 and Supplementary Table 18](#SD2){ref-type="supplementary-material"}).

Several additional experimental observations helped to gain insight into the mechanism of the reaction. First, in the absence of basic workup with KOH prior to NMR analysis, no C1 -- C3 carbon fixation products were observed in solution ([Supplementary Fig. 29](#SD2){ref-type="supplementary-material"}). Second, introduction of formate, methanol or acetate into the reactor under typical reaction conditions did not result in their conversion to higher C2 or C3 products ([Supplementary Fig. 30](#SD2){ref-type="supplementary-material"}). Thus, formate, methanol and acetate, free in solution, do not appear to be intermediates in the reaction. Third, lactate, the product of pyruvate reduction, was never observed in any of our experiments, despite the fact that it is readily detected upon exposure of an aqueous pyruvate solution to native Fe ([Supplementary Fig. 30d](#SD2){ref-type="supplementary-material"}). Fourth, Fe-mediated carbon fixation reactions performed with CO instead of CO~2~ at 100 °C produced only tiny amounts of acetate and no detected pyruvate ([Supplementary Fig. 31 and Supplementary Table 19](#SD2){ref-type="supplementary-material"}). On the basis of these observations, we conclude that CO~2~ fixation occurs on the surface of the metal and that its intermediates and end-products remain bound to the surface during the reaction. In light of this surface chemistry, the observed product distribution and the reaction's kinetic profile, we propose a plausible yet still largely hypothetical mechanism whereby initial reduction of CO~2~ occurs to generate surface-bound carbon monoxide and formyl groups. Further reductions of the formyl group with expulsion of water leads to a surface-bound methyl group. Chain growth via migratory insertion of carbon monoxide into the methyl group produces an acetyl species, which itself can undergo further migratory insertion of CO or reductive carboxylation with CO~2~ to furnish a surface-bound pyruvyl or pyruvate species, respectively. The resistance of pyruvate or pyruvyl to reduction by Fe^0^ may be rationalized by a diminished reactivity of the surface-bound species compared to pyruvate in solution. Basic workup at the end of the reaction with KOH is required to cleave the products from the surface to furnish formate, methanol, acetate or pyruvate in solution ([Fig. 4](#F4){ref-type="fig"}). One possible interpretation of the kinetic profile observed in [Fig. 3c](#F3){ref-type="fig"} is that the Fe surface becomes initially saturated with formyl and CO groups, with subsequent reactions of those groups producing acetyl and, eventually, pyruvyl groups.[@R24] Further detailed mechanistic study is required to distinguish between the possible intermediacy of surface-bound metal carboxylates and surface acyl metal species.

Besides the acetyl CoA pathway, another carbon fixation pathway that is often proposed to be ancient is the reductive tricarboxylic acid cycle[@R28] (rTCA cycle; also known as the reverse Krebs cycle, reductive citric acid cycle or the Arnon-Buchanan cycle; see [Fig. 5](#F5){ref-type="fig"}), which contains five metabolites that collectively serve as the universal biosynthetic precursors for all of biochemistry.[@R29],[@R30],[@R31],[@R32] A shorter, linear form of the rTCA cycle incorporating the first six steps (steps A-F), known as the "horseshoe", also contains the same five crucial metabolites. We recently demonstrated that the combination of Fe^0^, Zn^2+^ and Cr^3+^ under strongly acidic conditions (1 M HCl in H~2~O) promotes six of the eleven steps of the rTCA cycle in the absence of enzymes, including the oxaloacetate-to-succinate sequence (steps C-E) and the oxalosuccinate-to-citrate sequence (steps H-J).[@R20] Since they share a common step (step A), it has been proposed that either the complete or "horseshoe" forms of the rTCA cycle may have once been united with the acetyl CoA pathway in an ancestral, possibly prebiotic, carbon fixation network.[@R13],[@R24],[@R33],[@R34] While these proposals provide strong explanatory power for the structure of extant metabolism, supporting chemical evidence is critically lacking. In light of the functional similarities between the CO~2~ fixation reactions described in the current work and the acetyl CoA pathway, as well as the reliance of both chemistries on native iron, experiments were conducted to assess the mutual compatibility of the newly uncovered carbon fixation reaction with non-enzymatic reactions of the rTCA cycle. When oxaloacetate was heated for 16 h in the presence of Fe powder and Cr^3+^ at 140 °C under 35 bar of CO~2~, an appreciable amount of succinate was formed, as evidenced by NMR and GC-MS ([Supplementary Figs. 32 and 33](#SD2){ref-type="supplementary-material"}). An analogous experiment carried out with *in situ* generated oxalosuccinate (heated at 140 °C for 16 h under 35 bar of CO~2~, in the presence of Fe powder and Cr^3+^) resulted in the formation of citrate (detected by GC-MS, [Supplementary Fig. 34](#SD2){ref-type="supplementary-material"}). Although both of these reaction sequences are less selective under the mildly acidic conditions afforded by CO~2~-saturated water than in 1 M HCl, they nonetheless suggest the potential compatibility of the carbon fixation conditions shown here with the non-enzymatic promotion of rTCA cycle reaction sequences. Lastly, the introduction of hydrazine into the otherwise identical Fe-rich conditions allowed for the non-enzymatic synthesis of the amino acid alanine from pyruvate ([Supplementary Fig. 35](#SD2){ref-type="supplementary-material"}).[@R20]

Conclusions {#S2}
===========

We have shown that zero-valent forms of metals used by the cofactors and metalloenzymes of the AcCoA pathway fix CO~2~ to selectively furnish the intermediates and end-products of that pathway in the absence of enzymes and in a manner robust to changes in temperature, pressure, salts and pH. Acetate is produced as the major C2 product for all metals studied, whereas Fe^0^, Ni^0^ and Co^0^ also produce pyruvate in up to \~0.1 mM concentrations, demonstrating that non-enzymatic C-C bond-formation from CO~2~ is possible in water under exceptionally mild conditions. The high selectivity of Fe^0^ for the critical metabolites acetate and pyruvate at 30 °C and 1 atm CO~2~ is remarkable considering the large number of C2 and C3 compounds derived from C, H and O that could possibly have been produced, suggesting that these compounds represent kinetic paths of least resistance for reductive organic synthesis from CO~2~. Control and time course experiments support a mechanism where CO~2~ fixation occurs on the surface to produce surface-bound intermediates, notably reminiscent of some aspects of Wächtershäuser's initial theory of surface metabolism.[@R29] The temperature dependence and critical need to liberate surface-bound species with KOH prior to analysis may explain why pyruvate was not observed in previous studies on the reaction of CO~2~ with Fe^0^. [@R21],[@R26] The CO~2~ fixation reactions reported here are more geochemically plausible than the synthesis of activated acetate from CO and CH~3~SH,[@R15],[@R35] the low yielding and non-selective synthesis of pyruvate (0.07%) in formic acid at high temperature and high pressure (250 °C, 2000 bar),[@R16] or using highly reducing (-1.1 V) electrochemistry on greigite electrodes.[@R36] Although native telluric iron deposits in the modern Earth's crust are relatively rare,[@R37] native iron is produced in small amounts during serpentinization in the form of reduced FeNi minerals whose presence in surface samples indicates that they oxidize quite slowly.[@R38],[@R39] Native iron is produced transiently in the mantle,[@R40] and is the major component of the Earth's core. Iron meteorites, which constitute nearly 90% of known meteoritic mass, are mostly composed of native iron and its various alloys with nickel.[@R41],[@R42] Thus, numerous plausible geological scenarios might be imagined in which Fe^0^ or other reduced metals could have been continuously produced and consumed on the early Earth, in general agreement with the idea that metabolism originated to relieve pent-up redox gradients between the reduced iron that formed the early Earth's bulk and its comparatively oxidized CO~2~-rich atmosphere and oceans,[@R43] a concept referred to as geobiotropy.[@R44],[@R45] It may also help explain why pyruvate is found in some meteorites.[@R46] The Fe^0^-promoted carbon fixation conditions are mutually compatible with Fe^0^-promoted non-enzymatic transformations of other supposedly ancient metabolic pathways, describing a set of reactions that play a synthetic role equivalent to the reductive AcCoA pathway, up to 7 of the 11 reactions of the rTCA cycle and amino acid synthesis. The observation that surface-bound pyruvate is not reduced to lactate in the presence of Fe^0^ - though not yet fully understood - opens up new mechanistic possibilities for how non-enzymatic anabolic reactions might be promoted selectively in the face of potential parasitic reactions.[@R47] The observed reactivity demonstrates a significant parallel between plausible prebiotic chemistry and the ancient CO~2~-fixing pathways used by primitive autotrophic life, supporting the hypothesis that geochemistry could have played an important role in the origin of life.

Methods {#S3}
=======

Analytical methods {#S4}
------------------

^1^H NMR spectra were recorded on a Bruker Avance300 (300 MHz) spectrometer at ambient temperature in a 6:1 H~2~O:D~2~O mixture as solvent, with sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS-Na) as the internal standard (CH~3~ peak at 0 ppm). Solvent suppression was achieved through excitation sculpting, using the Bruker ZGESGP pulse program adjusted for the water resonance. 32 scans were acquired for each sample. Relaxation delay D1 was set to 87 s, with time domain size TD = 32768 and sweep width SWH = 4789.27 Hz (11.963 ppm), to allow for quantitative measurements. Integration was performed using *MestReNova v6.0.2* software. Gas chromatography-mass spectrometry analysis was performed on a GC System 7820A (G4320) using an Agilent High Resolution Gas Chromatography Column (PN 19091S -- 433UI, HP -- 5MS UI, 28 m×0.250 mm, 0.25 Micron, SN USD 489634H). The system was connected to an MSD block 5977E (G7036A). Hydrogen (99.999 % purity) was used as carrier gas at a constant flow rate of 1.5 mL min^-1^. The analysis was carried out in a splitless mode with 1 μL injection volume, at the injection port temperature of 250 °C. The column was maintained at 60 °C for 1 min, then ramped at 30 °C min-1 to 310 °C with 3 min hold, and the total running time was 12.33 min. The mass spectrometer was turned on after a 2-min solvent delay and was operated at the electron ionization (EI) mode with quadrupole temperature of 150 °C. Data was acquired in the full-scan mode (50-500 amu).

Product Identification {#S5}
----------------------

Acetate, pyruvate, methanol, formate and lactate were identified based on the chemical shifts in the ^1^H NMR, compared to authentic samples using sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS-Na) as the internal standard. Formate, acetate and pyruvate were additionally confirmed by GC-MS, where they were detected as their amides derived from *N*-methylphenylethylamine. Pyruvate was additionally confirmed by GC-MS. Pyruvate in the post-treatment sample was first reduced to lactate and converted to its ethyl ester (see below), since lactate esters have a better response than pyruvate esters.[@R20] See the [Supplementary Information](#SD2){ref-type="supplementary-material"} for more details regarding these procedures.

NMR sample preparation {#S6}
----------------------

To the reaction mixture was added \~300 mg of solid KOH (NaHS∙xH~2~O in the case of Mo-promoted reactions) in order to precipitate out any metal ions as their hydroxides (or sulfides in the case of Mo). This was mixed thoroughly. The resulting thick suspension was transferred to a 1.5 mL plastic microtube and centrifuged at 10 000 rpm for 20 minutes. To 600 µL of the supernatant was added 100 µL of 0.05 M solution of internal standard (DSS-Na in D~2~O). The resulting solution was analysed by NMR using the Bruker ZGESGP pulse program.

Yield determination and error analysis {#S7}
--------------------------------------

700 µL aqueous solutions of potassium acetate, sodium methoxide, sodium pyruvate and sodium formate at different concentrations (0.71, 1.78, 3.57, 5.35, 7.14, 8.92 and 10.71 mM) were prepared by diluting their respective stock solutions (50 mM in Milli-Q water) with Milli-Q water to 600 µL and adding to each an aliquot of 100 µL of 50 mM solution of the standard compound (DSS-Na) in D~2~O. Each of the samples was prepared in two replicas by two researchers and subjected to NMR spectroscopy (^1^H, ZGESGP water suppression, as described above). For each of these, three 32-scan spectra were acquired. The data from these six measurements for every concentration allowed us to obtain seven-point calibration plots for formate, methanol, acetate and pyruvate, correlating the substrate-to-standard ratios of peaks (8.45 ppm for formate, 3.34 ppm for methanol, 2.36 for pyruvate or 2.08 ppm for acetate, 0 ppm for the methyl peak of the standard DSS-Na) with the product concentration (See [Supplementary Fig. 9](#SD2){ref-type="supplementary-material"}). The data points were subjected to least-squares fitting (intercept = 0), from which the calibration line equation was obtained. Detection thresholds were estimated for each analyzed compound by integrating across the baseline in these regions of NMR spectra where no peaks were present, and were thus established to be 0.007 mM for acetate and pyruvate, 0.0016 mM for formate and 0.0026 mM for methanol. We note these values are much below the concentrations of acetate, pyruvate, methanol and formate detected in this study (See [Supplementary Tables 2 -- 19](#SD2){ref-type="supplementary-material"}). Error bars on the calibration graphs correspond to ± standard deviation for each data point. The yields of the CO~2~ fixation experiments were calculated using the calibration coefficient corresponding to the slope of each calibration line. All yields of the CO~2~ fixation experiments reported in this study are an average of at least two independent runs, with an error corresponding to ± mean absolute deviation (see [Supplementary Information](#SD2){ref-type="supplementary-material"}).

Metal-promoted CO~2~ fixing reactions {#S8}
-------------------------------------

To a 1.5 mL glass vial with a PTFE-coated stir-bar was added 1 mmol of each tested reagent (56 mg Fe, or 58 mg Co, or 58 mg Ni, or 55 mg Mn, or 96 mg Mo, or 184 mg W, and/or 58 mg NaCl, and/or 75 mg KCl, and/or 95 mg MgCl~2~, and/or 111 mg CaCl~2~) and 1 mL of Milli-Q water. To prevent cross-contamination, the vials were closed with caps bearing punctured PTFE septa. After placing the vials in a stainless-steel 300 mL Parr pressure reactor, it was flushed with *ca.* 5 bar CO~2~, pressurized to a final value of 35 bar CO~2~ (unless noted otherwise), and stirred at the desired temperature (an external heating mantle was used where needed) for 16 h.

Assessment of compatibility of metal-promoted CO~2~ fixation with rTCA cycle sequences {#S9}
--------------------------------------------------------------------------------------

To a 1.5 mL glass vial with a PTFE-coated stir-bar were added carboxylic acid substrate (oxaloacetic acid (0.03 mmol, 4 mg) or triethyl oxalosuccinate (0.03 mmol, \~8 μL)), Fe^0^ powder (1.0 mmol, 56 mg), KCl (1.0 mmol, 75 mg) and Cr~2~(SO~4~)~3~·12H~2~O (1 equiv., 0.030 mmol, 18 mg). This was followed by the addition of 1.0 mL of 0.24 M HCl in H~2~O (2.0 μL conc. HCl in 1.0 mL MilliQ H~2~O), which corresponds to an initial pH = \~ 0.6. To prevent cross-contamination, the vial was closed with a cap with a punctured PTFE septum. After placing the vial in a stainless-steel 300 mL Parr pressure reactor, it was flushed with *ca.* 5 bar CO~2~, pressurized to a final value of 35 bar CO~2~, and stirred at 140 °C (an external heating mantle was used) for 16 h.

Procedure for reductive amination under conditions for metal-promoted CO~2~ fixation {#S10}
------------------------------------------------------------------------------------

To a 1.5-mL glass vial with a PTFE-coated stir-bar was added sodium pyruvate (1 equiv, 0.03 mmol, 3 mg) in 1 mL MilliQ H~2~O, hydrazine monohydrate (2 equiv, 0.06 mmol, \~3 μL), KCl (1.0 mmol, 75 mg), followed by Fe^0^ powder (1.0 mmol, 56 mg). To prevent cross-contamination, the vial was closed with a cap with a punctured PTFE septum. After placing the vial in a stainless-steel 300 mL Parr pressure reactor, it was flushed with *ca.* 5 bar CO~2~, pressurized to a final value 35 bar CO~2~, and stirred at 140 °C (an external heating mantle was used) for 16 h.
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![Mechanistic outline of the ATP-independent AcCoA pathway found in archaea. The reductive carboxylation of AcCoA to pyruvate is also found in the first step of the rTCA cycle. For clarity, organic and metallic co-factors are depicted as a squiggly line.](emss-76767-f001){#F1}

![Carbon fixation by metals under hydrothermal conditions: 100 °C, 35 bar CO~2~, 1 M KCl in H~2~O, pH = 7 (except for Mo, where the initial unbuffered pH was 2), 16 h (see [SI](#SD2){ref-type="supplementary-material"} for experimental and analytical details, as well as error analysis). Bar chart shows mean values of at least two independent runs. ^*‡*^ Formate concentrations: 2.13 mM, 2.44 mM; reported error corresponds to mean standard deviation.](emss-76767-f002){#F2}

![Effect of temperature, pressure and reaction time on iron-promoted CO~2~ fixation in aqueous solution. **a** Effect of temperature (35 bar CO~2~; 16 h). **b** Effect of CO~2~ pressure (30 °C; 16 h). **c** Reaction progress over time (30 °C; 1 bar CO~2~). **d** Reaction progress over time (100 °C; 35 bar CO~2~). All reactions are 1 M Fe in 1 mL of a 1 M KCl solution. In **a** and **b** bar charts show mean values of at least two independent runs. In **c** and **d** error bars correspond to the mean average deviation from at least two independent runs. Lines connecting the data points do not represent a model fit.](emss-76767-f003){#F3}

![Plausible mechanism for carbon fixation on the surface of Fe^0^ accounting for the detection of formate, methanol, acetate and pyruvate in aqueous solution upon hydrolysis with KOH. The depicted surface bound acyl structures are deliberately ambiguous and may represent a surface-bound carboxylate or an acyl metal species.](emss-76767-f004){#F4}

![Hypothetical ancestral proto-anabolic network consisting of a hybrid of the AcCoA pathway and the rTCA cycle, showing the role of its intermediates as universal biosynthetic precursors. The 11 steps of the cycle (A-K) have been assigned colour-coded labels according to their chemical mechanism.](emss-76767-f005){#F5}
